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Abstract
This paper reports on an optimization of design of air inlets 
in naturally ventilated double-skin transparent facades; the 
design aims at the proper functioning of these facades from 
the point of view of their aerodynamic and hydrodynamic be-
haviour. A comparison was made of five different variants of 
ventilation louvers used in air openings with different shapes, 
positions and overall geometry. The aerodynamic response of 
the louvers was determined by 2D simulations using ANSYS 
software. The hydrodynamic properties were investigated by 
conducting driven-rain measurements in a large rain chamber 
at the Slovak University of Technology in Bratislava.
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1 INTRODUCTION
The technology of building façades is determined by architectural 
trends and the development of technology itself, societal requirements 
and other factors. In present day European architecture, the design of 
modern wall claddings is driven by climate-specific contexts on the 
one hand and on the other hand in response to regulatory and social as-
pects governing the quality of work environments. Ecological, low-en-
ergy architecture with automated control systems for environmental, 
energy, security, transport, communication and information processes 
is also finding a home in facade technology that uses environmental-
ly-friendly renewable energy sources that are in line with the concept 
of sustainable development of the European construction industry.
The double-skin transparent façade (DSTF) concept is one of the 
types of the facade technology of buildings that uses environmen-
tally-clean alternative source of solar energy; although the concept 
is not completely new, the growing tendency to use these facades in 
architectural design, especially in Europe, cannot be denied (Poirazis, 
2006; Bielek et al., 2002). In addition, double-skin facades, histori-
cally speaking, have been used more often in European architecture 
than in the United States. This is probably due to significantly higher 
energy prices in Europe and a traditionally higher concern for ecolo-
gy and the environment (Vaglio et al., 2010; Directive 2010/31/EU, 
2010). Recent building research, which includes different kinds of 
facade systems and recently operating EU networking actions (COST 
Action TU1403; COST Action TU1303) has confirmed the impor-
tance of modern facade systems in contemporary architecture.
From a technical point of view, development of modern dou-
ble-skin transparent facades is based on the physical theory of cav-
ities, which allows for a wide range of modifications, e.g., in cavity 
geometry or in the types of glazing systems used (Bielek et al., 2002). 
The theory of cavities is based on the quantification of their physical 
behaviour; this rather complex issue of so-called multi-skin structures 
has been a point of interest to many authors. A variety of calculation 
methods related to DSTF behaviour, such as models for the prediction 
of temperatures or airflows inside a cavity, were developed and intro-
duced at the beginning of the 21st century. It has been shown that un-
derestimating the physical dimensioning of details, components and 
systems of DSTF as a whole, can lead to major defects with adverse 
effects on their functioning. This evidence has been confirmed by 
problems encountered by a number of existing buildings (Todorovic 
and Maric, 1998; Arons, 2000).
Todorovic and Maric (1998) introduced a calculation model 
valid for Central European climatic conditions that estimates the air 
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temperature and cooling (heating) load per hour in a DSF cavity. 
A simplified two-dimensional numerical model for the prediction of 
the energy behaviour of a typical DSF was published by Arons in the 
year 2000. One year later, a model for the prediction of the thermal 
transmittance of multiple glazing based on Computational Fluid Dy-
namics (CFD) was introduced by Gan (2001), and a numerical model 
for the evaluation of the thermal behaviour of active envelopes was 
developed and validated in experimental cases by Saelens and Hens 
(2001), who also integrated it in an energy simulation program. Lat-
er, Hensen et al. (2002) used a network approach for calculating the 
properties of the air inside a double skin façade cavity and integrated 
it into a building thermal energy model. Saelens (2002) developed 
a calculation algorithm for 2D multi-skin facades with natural and 
mechanical ventilation. His theory is valid for single-storey build-
ings. Gratia and de Herde (2004) published a model for thermal 
behaviour and heating (cooling) loads depending on the season un-
der the climatic conditions of Belgium and studied the efficiency of 
natural ventilation in relation to a double-skin facade orientation, 
wind speed and direction. Grabe (2002) proposed a prediction tool 
for modelling the temperature´s behaviour and flow characteristics 
in DSF, and Manz (2002) introduced a numerical algorithm for pre-
dicting heat transfer by natural convection in cavities of façade ele-
ments. Most recent scientific works are based on computational fluid 
dynamics models, which allow for detailed airflow study in DSTF, 
as compared to network or other models (Mingotti et al., 2011; Nore 
et al., 2010; Blanco et al., 2014). In particular, CFD is an interest-
ing method, especially when dealing with very complicated airflows 
across venetian blinds, air recirculation, or in cases in which the ve-
locity profile is not symmetrical (Grabe, 2002; Manz, 2002; Zeng et 
al., 2012).
In the literature, special attention has also been given to inves-
tigations of the effect of integrated shading devices on cavity prop-
erties (temperatures, airflow, etc.), which are valid for mechanical-
ly-ventilated double-skin glass facades (Parra et al., 2015; Gratia 
and de Herde, 2004). Manz and Simmler (2003) described a calcu-
lation procedure based on a 2D computational fluid dynamic model 
for a mechanically-ventilated glass double façade with an integrat-
ed shading device. Poirazis and Rosenfeld (2003) researched how 
the temperature in different types of façade panels depends on the 
heights of the cavities.  Gratia and Herde (2004) studied the impact 
of the orientation of a naturally ventilated double-skin façade in 
terms of wind direction and observed that the air temperature will 
rise over the daytime in cases when shading elements are present 
(in the cavity). Baldinelli (2009) showed that the annual energy be-
haviour of a double-skin facade is significantly improved in cases 
when blinds are installed in the cavity of a south facade of a build-
ing.
Several other authors have focused on strategies for improving 
the thermal performance of a DSF, including shading devices (Guar-
do et al., 2009) and on coping with large numbers of meshes in CFD 
models due to the large amount of Venetian blind slats, which result 
in long calculation times, e.g., Zeng et al (2012) proposed a CFD 
method that uses a porous media model.
Recent research has also focused on an assessment of shading 
devices such as Venetian blinds that are mounted indoors on day-
light transmission and interior illuminance (Tzempelikos, 2008) and 
their impact on thermal behaviour (Manz and Menti, 2012; Manz et 
al., 2004). Saelens et al. (2005) showed that controlling the airflow 
rate and recovering the air returning from a DSF can significantly 
improve the heating and cooling demands of multi-skin facades in 
Belgian climatic conditions. Ding et al. (2005) determined that the 
addition of a ventilation chimney above a DSF also assures natural 
ventilation without the presence of wind. The importance of model-
ling a correct inlet temperature (naturally and mechanically ventilat-
ed DSFs) has especially been stressed in cases where the air flowing 
through a cavity is to be reused (Cole et al., 1998). Authors have 
pointed out that the assumption of an inlet temperature equal to an 
interior or exterior air temperature is usually not valid.
The efficiency of the sizes of the inlet and outlet of double-skin 
facades was discussed in (Saelens et al., 2003). In the research of 
Gelesz and Reith (2011), the recommended values were given as 
a fraction of a 1m2 equivalent leak area at 4 Pa for a façade element 
with a width of 2.7m. Interestingly, in cases involving the applica-
tion of Venetian blinds, openings twice as large were necessary in 
comparison with a white shading system.
The shape of a building to induce airflow buoyancy in general 
was investigated by Cole et al. (1998) who pointed out that a precise 
orientation of a building facade to the wind is not critical and that 
even in cases when walls are angled up to 30° to the wind, enough 
pressure that is necessary for natural cooling is created.
In terms of establishing an efficient general concept of DSTF, 
the integration of several aspects related to building physics is nec-
essary. Information on the behaviour of a double-skin facade sub-
ject to a fire can be found in the works of Chow et al. (2007; 2012) 
and Ni et al. (2012). Chow and Hung (2006) concluded that wider 
cavities might be safer since the likelihood that inner glass panels 
would break is smaller. They also recommended that the application 
of tempered glass is safer.
The acoustic properties of multi-layer structures have also been 
examined by many authors (Hongisto, 2006; Roozen et al., 2015; 
Muellner et al., 2008; Dijckmans and Vermeir, 2013). However, 
not much information can be found about experiments specifical-
ly performed for double-skin transparent facades. A well-known 
publication is based on the research study of Blasco (2004; 2012) 
who by means of double wall sound propagation theory, showed 
three possible ways to predict the sound insulation of prediction of 
DSTF’s. A very recent and extensive study based on a number of 
in situ measurements, laboratory experiments and boundary element 
simulations, was conducted by Urban et al. in 2016. This research 
is particularly important as it uses a laser-doppler vibrometry ap-
proach, which allows for the investigation of low-frequency com-
ponents in sound insulation, the so-called bass sound. It also tackles 
highly complex sound insulation issues and shows both the sound 
insulation of a façade together with the impact of a DSTF on sound 
insulation between offices; it also deals with speech privacy issues 
(Urban et al., 2016). 
A commission of the European Council (Blomsterberg, 2007) 
prepared a document summarizing some guiding principles for the 
application of a double-skin façade in 2007. 
The present paper is a contribution to the theory of the design 
of air inlets on the distribution channels of double-skin transparent 
facades with corridor types of cavities as related to their functional 
aerodynamics and hydrodynamics. The proposal is based on a sum-
mary of the knowledge gained from the authors´ experiments and 
simulations.
2 THEORy AND DESIGN PRINCIPLES
For the proper functioning of naturally ventilated façade systems, 
it is necessary to pay special attention to suitable designs for air open-
ings. What is crucial are local aerodynamic resistances at the air inlets 
and outlets from the distribution channels of the cavity; the inlet lou-
vers must be designed in such a way so as to achieve an overall aero-
dynamic resistance that is lower than the strength of the convective 
air buoyancy in the cavity under still air (i.e. without wind) condi-
tions. Inlet louvers, together with protective screens against birds and 
insects, represent a rain barrier to the inlet openings of distribution 
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Summary of all the symbols used in Figure 2:
A – convective rain barrier or aerodynamic louvers
B – air intake channel
C – protective screen against birds and insects
D – cavity of the climate facade
E – operable removable metal floor grid
F – ceiling grid
G – air exhaust channel
H (m) – height of segment of cavity 
h (m) – height of openings of air distribution channels 
b (m) – width of cavity 
L (m) – length of segment of cavity 
M – air flow trajectory
ξx –  aerodynamic coefficient of local resistance of airflow, in par-
ticular:
ξ1 – at inlet on aerodynamic louvers “A”
ξ2 – on protective screen “C” at inlet
ξ3 –  where flow direction changes from inlet channel “B” to the 
cavity “D”
ξ4 –  on grille - grid “E” during flow from inlet channel “B” to the 
cavity “D”
ξ5 –  upon sudden increase in diameter during movement of air-
flow from inlet channel “B” to cavity “D”
ξ6 – on grid “F” during flow from cavity “D” to outlet channel “G”
ξ7 –  upon sudden decrease in diameter during movement of air-
flow from cavity “D” to outlet channel “G”
ξ8 –  upon change of direction  of movement from cavity “D” to 
outlet channel “G”
ξ9 – on protective screen “C” at outlet
ξ10 – on aerodynamic louvers “A” at outlet
channels of a cavity burdened by the intensity of wind-driven rain.  
The design of a double-skin transparent façade thus requires 
a careful consideration of its aerodynamic and hydrodynamic prop-
erties.
2.1  Aerodynamic behaviour of a double-skin 
transparent facade
One of the fundamental presumptions for the proper operation 
of any double-skin transparent façade is its functional aerodynam-
ic behaviour, which is expressed by its total aerodynamic resistance 
consisting of the aerodynamic resistances of friction and local resis-
tances along the airflow trajectory through the cavity, i.e. securing 
the movement of air in the cavity under every possible climatic con-
dition. A critical state occurs under still air, when the air movement 
in the cavity is only caused by the force of convective air buoyancy.
A double-skin transparent façade can be aerodynamically ex-
pressed by its total aerodynamic resistance by equation 1:
  (eq.1)
where   is a coefficient of the friction resistance along the height of 
the trajectory of the movement of the air flow (Figure 1)  = f(Re), 
Re (-) is Reynolds number, which gives the ratio of inertial forces and 
viscous forces acting on the flow of liquids and its value determines 
whether fluid flow is laminar or turbulent; Dh (m) is the aerodynamic 
diameter of the cavity; H is the effective height of the cavity (m); b 
is the width of the cavity (m); and ξ
x
 is an aerodynamic coefficient of 
the local resistance “x” (-) as explained in Figure 2.
Based on (eq.1), we can conclude that the resistances along the 
length are directly proportional to the length of the trajectory of the 
airflow movement in the cavity H + b, as indicated in Figure 2, and is 
inversely proportional to the diameter of the cavity Dh (m). Local 
resistances are bonded to a specific place of the trajectory of the air-
flow movement inside the cavity and originate from parts where the 
velocity or direction of the air flow movement changes (Figure 2). 
The coefficient of friction resistance  (-) and the aerodynamic co-
efficients of the local resistances ξ2, ξ3, ξ4, ξ5, ξ6, ξ7, ξ8 and ξ9 (-) are 
determined in accordance with the theory of aerodynamics given in 
the illustrations (Figures 3 and 4).
Vol. 25, 2017, No. 4, 1 – 11
Figure 1. Graphic representation of a coefficient of friction as 
a function of the cavity height  
Figure 2. Schematic illustration of the definition and quantification 
of the aerodynamic resistances of a corridor-type double-skin 
transparent facade with a circuit open year-round.
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To achieve the necessary movement of the airflow through the 
cavity under every climatic condition (also under still air), the over-
all aerodynamic resistance Z has to be lower than the power of the 
convective air buoyancy in the cavity. For a double-skin transparent 
façade with a corridor type of cavity and width b between 0.5 < b 
(m) ≤ 1.5 and a height of the façade segment H equal to the height of 
a floor height (as indicated in Figure 2), the following equation (eq.2) 
can be applied:
  (eq.2)
In calculating the total aerodynamic resistance of a cavity of 
a double-skin transparent facade according to equation (eq. 2), two 
local resistances can be considered as crucial: (1) The local aerody-
namic resistance of the air flow at the inlet of the feeding channel with 
protective screen A, which characterizes the turbulence of the air flow 
at the inlet to the feeding channel B (Figures 4 and 5), and (2) the lo-
cal aerodynamic resistance of the air flow at the outlet of the exhaust 
channel from the cavity with a protective screen A which is respon-
sible for the turbulence of the air flow from the exhaust channel G.
The protective screen at the air inlet and outlet has a role in ensur-
ing the elimination of the penetration of rainwater from the complex 
effects of wind-driven rain into the cavity. The slats of louvres can, in 
principle, be designed as classical rain screens or aerodynamic slats. 
Their local aerodynamic resistances at the inlet of a distribution chan-
nel are shown in Figure 5, and the outlet of the distribution channel 
is shown in Figure 6.
Based on the analysis of the coefficients of the local resistances, it 
can be concluded that it is not possible to use conventional rain screen 
louvers on these inlets of DSTF because of the following: 
(1) When typical (conventional) rain screen louvers are applied, 
it is not possible to ensure the optimal ratio to the total area (eq.3):
  (eq.3)
Figure 3. Coefficient of friction resistance along the height of the 
trajectory of the convective air flow
Figure 5. The local aerodynamic resistance of the air flow at the 
inlet. Upper picture - conventional rain screen louvers, Lower 
picture - aerodynamic louvers
Figure 4. Aerodynamic coefficients of local resistances ξ2, ξ3, ξ4, ξ5, 
ξ6, ξ7, ξ8, ξ9 (-) in the trajectory of air flow
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where “a” is a net area opening for air movement, and “A” is the total 
area of the air inlets, including the rain screen louvers.
(2) The application of typical rain screen louvers leads to high 
values of the aerodynamic coefficient of the local resistance at the 
inlet (ξ
1
), particularly at the outlet (ξ10) of the distribution channels.
Both facts influence the overall aerodynamic resistance of the 
cavity of the DSTF on such a large scale that, by their application, it 
is not possible to ensure the requirement given by eq.4:
  (eq.4)
at which the convective buoyancy of air is still higher than the overall 
aerodynamic resistance of the cavity, thus also ensuring the move-
ment of air in the cavity of DSTF in a situation without any wind.
Therefore, the construction of air inlets and outlets should be pro-
vided for by the use of aerodynamic louvers with an aerodynamic 
quantification expressed by the aerodynamic coefficient of local re-
sistance ξ1 ≤ 1.0 and ξ10 ≤ 3.0.  This can be calculated and verified, 
e.g., by means of Computational Fluid Dynamics (CFD) simulation. 
This has already been previously investigated by some of the authors 
of this article (Palko, 2015). For the completeness of this paper, an 
example of the simulation performed in ANSYS is shown in Figure 7.
2.2  Hydrodynamic behaviour of a double-skin 
transparent facade
The hydrodynamic behaviour of the air intake and air exhaust 
openings of the distribution channels of the cavity is a demanding part 
of the experimental verification of the physical properties of a DSTF. 
One of the most difficult tasks is to design the ventilation louvers 
with a protective screen against birds and insects. Based on the pri-
mary requirements of the airflow, the aerodynamic quantification ex-
pressed by the aerodynamic coefficient of the local resistance has to be 
ξ1 ≤ 1.0 and ξ10 ≤ 3.0. Aerodynamic ventilation louvers, together with 
the pressure conditions in the cavity, create a rain barrier system for 
the air intake openings, which are under the pressure of wind-driven 
rain intensity rv (mm/h), (l/(m2.h)). Since wind-driven rain is also char-
acterized by a vector quantity (wind), which consists of the velocity 
v (m/s) and direction (S, N, W, E), the intensity of the wind-driven rain 
increases with the height (above the ground) too. This is an import-
ant aspect when designing facades for high-rise buildings. The rain 
barrier system (of the air intake openings in the DSTF cavity) that is 
designed in accordance with the above-mentioned information should 
have a hydrodynamic behaviour characterized by the impermeability 
of water to counteract the complex effects of wind-driven rain.
3 ExPERIMENTS
The hydrodynamic behaviour of the rain barrier system of the 
openings of the distribution channels was examined in a laboratory 
experiment in the Scientific Laboratory of the Building and Construc-
tion Physics at the Faculty of Civil Engineering at the Slovak Univer-
sity of Technology in Bratislava.
3.1 Description of the set-up and elements tested 
The test sample used in the experiments was represented by 
a spatial element, which consisted of (1) a cavity with air distribution 
channels (Figure 8) and (2) a flat panel with a removable element 
with ventilation louvers. Five different variants of the louvers were 
examined (Figure 9). 
Figure 7. Calculation of the aerodynamic coefficients of local 
resistance ξ1 and ξ10 in ANSYS supported by numeric model 
FLOTRAN CFD. Velocity fields in the area of ventilation louvers 
and protective screen for intake speed v = 0.2 m/s.   
A – at air intake, B – at air exhaust 
Figure 6. The local aerodynamic resistance of the air flow at the 
outlet. Upper picture - conventional rain screen louvers, Lower 
picture - aerodynamic louvers
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The cavity with the air distribution channels was 600 mm wide; 
its geometry and the direction of the airflow represented the geomet-
rically smallest length of the cavity, as expressed by two 1125 mm 
modules with the switched functions of the ventilation louvers (Fig-
ure 8).
The test sample with the ventilation louvers (Fig. 8) was inserted 
into the large rain chamber, which was designed for research on water 
penetration phenomena through construction details as well as for the 
elements and systems of building envelopes in general.
The rain chamber consists of four circuits: (1) A circuit of inten-
sity driven rain (with an hourly density of driven rain rv = 17 l/(m2.h) 
for buildings up to 10 floors, rv = 18 l/(m2.h) for buildings up to 20 
floors and a daily density of driven rain rv = 10 l/(m2.h) with duration 
of 6 hours). This also simulates the variability of the pressure factor 
of driven rain, a mobile system of nozzles is shown in Figure 10 – up-
per pictures A and B. (2) A circuit of the steady-state inflow of water 
which, thanks to the intensity of driven rain, falls on the analysed spot 
and moves downwards due to gravity (density of steady-state water 
influx Q = 100 l/(m.h)) is shown in Figure 11.A. The next part of 
the rain chamber consists of (3) circuit of so-called gusty wind (with 
Figure 8. Test sample of the cavity. A schematic representation of the test sample (picture-left). The photo from the laboratory shows the 
complex spatial test element with ventilation louvers, which was prepared for its insertion into the large rain chamber (picture-right).
Figure 9. Geometric-construction variants of the experimentally examined ventilation louvers
a max velocity of wind vN = 45 m/s and an average velocity between 
wind gusts vaverage = 5.0 m/s). It is displayed in Figure 11.B. The last 
circuit is the (4) circuit of air pressure differences 15 ≤ Δp ≤ 700 Pa 
for buildings up to 10 floors and 15 ≤ Δp ≤ 1000 Pa for buildings up 
to 20 floors.
The circuits of the wind airflows and air pressure differences 
are synchronized. The system of nozzles creates water drops (with 
known sizes and weights), depending on the simulated rain intensi-
ty, the synchronization is provided by replaceable splitters (sprays), 
which are shown in Figure 11.B.
3.2 Description of the measurement procedure
First, all four circuits of the rain chamber were calibrated (Fig-
ure 10). Then the test sample was mounted in the rain chamber, and 
the measurements of the air pressure differences and the speed of 
the equalization of the pressure in the cavity were performed by the 
“Digima LPU” (SPECIAL INSTRUMENTS, Germany) electronic 
digital micromanometer. Thanks to its high sensitivity, it was pos-
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sible to measure pressure differences as fine as single pascals. All 
the measured data were recorded and saved for post processing. The 
basic measuring range of the instrument is 200 Pa.
The measurements of the airflow velocity were performed 
by means of the 55 K10 (DISA ELEKTRONIK, Denmark) measur-
ing system. This system works on the principle of heated fibres with 
a diameter of 5 m. Thanks to the low thermal inertia of a fibre even 
very fast changes in the flow rate can be measured. The system also 
has a high spatial resolution of the air velocity for the given size of 
the fibre. 
The hydrodynamic behaviour of the air intake openings was 
examined on five (5) different elements of the rain barrier system 
illustrated in Figure 9. The selected elements consisted of different 
shapes of the ventilation louvers and a protective screen, as indicated 
in Figure 9. The dimensions of the louvers are summarized in Table 
1 and Figure 11.
4 RESULTS AND DISCUSSION
The experiments showed that a critical amount of rain water gets 
into a cavity due to fragmentation of the raindrops. At higher speeds 
of airflows during wind gusts (vN  15 m/s) the phenomenon of splin-
tering raindrops was observed. This can be explained by the kinetic 
energy of water drops on the blades of the ventilation louvers.
A
B
C
D
Figure 10. Rain chamber.  
A - a view of the rain chamber for the simulation of the complex effects of wind-driven rain. The circuit of the steady-state inflow of water 
(above), the circuit of the intensity driven rain (in the middle), B - replaceable splitters for synchronization of the rain drops and their intensity. 
Distribution system of airflows, C - rain chamber during its calibration, D - detailed view on the splitters during the calibration process.
Figure 11. Scheme of the ventilation louvers for the quantification of 
their geometric-construction parameters
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between the blades of the ventilation louvers in Variants 1-3 (Figure 
9) are not convenient from the point view of their hydrodynamic be-
haviour.  The blades of the ventilation louvers must have an overlap 
of hPL > 0. The inclination of the blades of ventilation louvers has 
a significant effect on their hydrodynamic behaviour and should be αL 
≥ 30°. The width of the blades of the ventilation louvers has a signif-
icant effect on their hydrodynamic behaviour as well and should be 
more than 100 mm.
The aerodynamic shape of the blades is recommended not only due 
to the overall aerodynamic resistance of the cavity, but also because of 
their function in terms of eliminating the splintering effect of raindrops. 
The inclination and height of the threshold blades of the ventilation lou-
vers have a significant effect on the hydrodynamic properties as well, 
and the inclination angle of the threshold blade αL,P should be more than 
30° (i.e., αL,P > 30°) with a height hP ≥ 100 mm (Figure 11).
The experiments also confirmed that the elements of the ventila-
tion louvers protruding from the plane of the outer skin of the dou-
ble-skin facade in the form of a so-called cordon cornice drainage 
system, are also not suitable from the point of view of hydrodynamic 
behaviour. The structure of the protective screen of the ventilation 
louvers against birds and insects has a significant importance on their 
hydrodynamic behaviour in terms of a quantitative change in the wa-
ter flow, which results in substantially lower values when a screen 
with a finer mesh is applied.
The optimal grid dimensions seem to be around 2 x 2 mm. The 
position of the screen against birds and insects in terms of its depth in 
the structure (which must always be placed behind the blades) does 
not have a significant effect on the hydrodynamic behaviour.
The open area at the top of the highest ventilation louver blade 
in variants 1 to 4 acts as a diffuser and causes the movement of the 
largest amount of water from the effects of the wind-driven rain. It is 
therefore more appropriate to avoid this solution, and it is much better 
to use the Variant 5. 
Table 1  Dimensions  of ventilation louvers (Figure 11)
Variant 1 Variant 2 Variant 3 Variant 4 Variant 5
1 Elevation height of ventilation louvers h
Z
 (mm) 270 300 300 300 300
2
Effective height of the ventilation louver hU (mm) 
Total free openings between blades along  
the height of louvers
156 180 165 180 176
3 Inclination of blades / threshold of louvers αL,P (º) 15 / 15 15 / 25 25 / 25 30/18 30
4 Width of a blade of the louvers bLH (mm) in its horizontal projection 60 70 70 75 85
5 Height of the overlapping blades hPL (mm) -10 5 5 6 14
6 Depth of threshold dP (mm) from facade plane 160 148 148 155 154
7 Height of threshold hP (mm) 65 65 95 80 100
8 Depth of rain gutter dR (mm) from facade plane 25 25 25 0 0
9 Location of grid dM (mm) from facade plane of outer glass curtain system 110 105 105 102 102
10 Grid dimension of the screen (mm). Width x height 11.5 x 11.5 11.5 x 11.5
11.5 x 11.5 
2 x 2
11.5 x 11.5 
2 x 2
2 x 2
In this way, the splintering raindrops create a new rain element 
in the form of a drop of almost zero weight (similar to a drop when 
it is drizzling). These small rain elements are carried by the airflow, 
caused by strong wind exposure, deeply into the distribution channel 
on its floor plane and back plane throughout the whole width of the 
cavity.  These extremely small water drops are, due to their very light 
weight, incapable of moving downwards through gravitational forces 
even on a smooth vertical plane, since the force of its surface tension 
is, in this case, stronger than the gravitational force:
 F > G (eq.5)
  (eq.6)
where rz (m) is the radius of the area of a rain drop on a vertical plane; 
 (N/m) is the adhesion constant of water, i.e. surface tension of 
water in contact with air; ρ (kg/m3) is the water density; g (m/s2) is 
the gravitational acceleration; and V (m3) is the volume of a rain drop. 
In cases when the examined building element was exposed for 
a longer period of time to the complex effects of wind-driven rain, 
static drops on the vertical back plane of the distribution channel in-
creased their volume V (m3) and consequently their radius rz (m). This 
phenomenon occurred until the balance of the forces of the surface 
tension and gravitation became equal, e.g., F = G.
Once the forces of the surface tension became smaller than the 
gravitational forces (eq. 5), the heavier drops started to move down-
wards on the vertical back plane of the distribution channel. In the 
parts of the investigated module where the function of the distribution 
channels is to exhaust air, the raindrops fell along the height of the 
cavity on the floor of the cavity one floor below.
The experiments of the hydrodynamic behaviour of the air intake 
openings of the five (5) variants of the ventilation louvers has led to 
the following observations and conclusions: the free horizontal slots 
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Other observations from the measurements can be summarized as 
follows: Variants 1, 2 and 3 show the penetration of rainwater due to 
the complex effects of wind-driven rain at a speed of vN ≤ 20 m/s
  and 
at a difference in air pressure of ΔpN = 240 Pa. For this reason, they are 
considered unsatisfactory in terms of the hydrodynamic behaviour of 
buildings. Variant 4 turned out to be one of the more convenient vari-
ants with the complex effects of wind-driven rain impacts at a speed 
of vN ≤ 35 m/s, which corresponds to the difference in air pressure ΔpN 
= 735 Pa. The optimized solution for the ventilation louver was found 
in the shape of Variant 5 (Figure 13).  This variant is suitable in the 
complex effects of wind-driven rain impacts at a speed of vN ≤ 42 m/s 
and at a steady difference in air pressure of ΔpN = 1058 Pa.
Both Variants 4 and 5 can be considered as acceptable solutions 
for conditions in the Bratislava region (at the virtual boundary condi-
tions of hydrodynamics) for buildings up to 20 floors.
CONCLUSIONS
It has been shown that the proper construction and shape of air 
inlets and outlets of air distribution channels significantly affects 
the quality of a naturally ventilated double-skin transparent façade. 
Even small details in the shape, position or inclination of louvres can 
significantly affect the functional aerodynamic and hydrodynamic 
behaviour of a corridor-shaped DSTF. The aerodynamic shape of 
blades is one of the fundamental conditions for their proper function-
ing when the constant movement of air through a cavity under every 
possible climatic condition is considered. The laboratory experiments 
performed in the rain chamber, which simulated the complex effects 
of wind-driven rain have shown that the geometry of louvers signifi-
cantly contributes to their hydrodynamic behaviour, which is charac-
terized by water impermeability.
Based on the knowledge gained from the results of the laboratory 
measurements, recommendations for the construction design of the 
air inlets and outlets have been drawn.
This article can help designers find solutions when deciding 
about this very challenging detail of a building facade, e.g., its air 
inlet properties.
However, the measurements have also confirmed the complexity 
of the whole problem and the large impact of small construction de-
tails on the hydrodynamic behaviour of a facade. It is therefore rec-
ommended that in each individual project design, the hydrodynamic 
properties of the distribution channels, including the air inlet and out-
let, should be experimentally verified. 
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Figure 13. Design of the optimized variant of ventilation louvers No.5
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